. After recruitment, the FLICE precursor is activated and in turn initiates a cascade of caspase activation leading Summary to apoptosis. The CARD is a recently identified family consisting of Apoptosis requires recruitment of caspases by recepmembers with highly significant sequence similarity to tor-associated adaptors through homophilic interacthe amino-terminal domains of RAIDD and ICH-1 (Hoftions between the CARDs (caspase recruitment domann and Bucher, 1997) (see Figure 1) . The importance mains) of adaptor proteins and prodomains of caspases.
Figure 1. CARD Sequence Alignment
The sequence alignment of seven CARDs (Hofmann and Bucher, 1997) . The ␣ helices of RAIDD CARD are indicated by a red bar above the sequence. Residues buried in the hydrophobic core of the RAIDD CARD structure are highlighted in black, while those with exposed side chains are highlighted in yellow.
relevant for caspase recruitment, the structure and surbuffers containing low salt concentrations (5 mM NaCl).
Rapid amide proton exchange with water causes resoface properties of the specific CARDs that mediate particular interactions are required. Currently, the detailed nance peaks of amide protons to be severely broadened at high pH (Connelly et al., 1993; Cavanagh et al., 1996) . structure of any member of the CARD family is unknown.
We have determined the solution structure of RAIDD As a result, in the current NMR studies performed at pH 8, the amide proton resonances of some residues in CARD using NMR spectroscopy. It consists of six antiparallel, amphipathic ␣ helices arranged in a topology loop regions (or regions with no secondary structure) could not be observed. Fortunately, more than 70% of similar to that of the Fas DD. However, the orientation of two of the helices of RAIDD CARD is significantly the CARD forms ␣ helices, in which amide proton exchange is greatly reduced by hydrogen bonds. This endifferent from that of the corresponding helices in Fas DD. The surface of RAIDD CARD contains a basic region abled us to assign backbone chemical shifts to all of the residues in the helical regions. The terminal residues formed by helices H1, H3, and H4 and an acidic region formed by helices H2, H5, and H6. Furthermore, the 1-3 and 95-136 could not be assigned at all, as they appear unstructured and their amide protons exchange CARD structures of ICH-1 were modeled using the atomic coordinates of RAIDD CARD and the sequence rapidly with the solvent. Also, the loop residues 20-25, 50, and 67 were not assigned because their amide prosimilarity of its CARD. The surfaces of the modeled structure exibit a similar surface polarity as RAIDD ton resonances are absent due to fast solvent exchange. We have partial side chain assignments for residues 4 CARD. Based on the available mutagenesis data and our calculated and modeled CARD structures, we proand the loop residues 39 and 48, but their backbone NH resonances are also absent due to the fast solvent pose that the CARD interaction between RAIDD and ICH-1 is mediated via the basic patch of RAIDD and the exchange at the high pH we had to work with in this study. Nevertheless, the loops in the calculated strucacidic patch of ICH-1. Subsequently, we have modeled the CARD structures of the related pairs Apaf-1 and ture are relatively well defined, since they represent the shortest connections between the helices and do not caspase-9, as well as Ced-4 and Ced-3. The surface polarities are amazingly well conserved, suggesting that have many degrees of freedom to adopt different conformations. For the C-terminal region (residues 101-136), these CARD pairs also interact in a similar way as the RAIDD and ICH-1 CARDs, while the details of the distrithe majority of the amide proton resonances could not be observed due to rapid solvent exchange, indicating bution of the charged surface residues would determine the specificity of the interaction. that this region is largely unstructured. Therefore, only residues 1-100 were included in the structure calculations. The short stretches of unconstrained residues (1-3 Structure Determination The structure of the N-terminal portion of RAIDD (resiand 95-100) were included in the calculations. This was done to visualize that these terminal regions are disordues 1-136) containing the CARD was determined using NMR spectroscopy. A shorter version of this polypepdered ( Figure 2A ). The structure of N-terminal portion (1-100) of RAIDD tide (residues 1-118), resulting from trypsin digestion of the C-terminal fragment, aggregates severely upon was defined by a total of 1049 NMR-derived distance constraints. Complete structural statistics and rootconcentration under all solvent conditions attempted and was consequently not further considered. Due to mean-square deviation values are presented in Table 1 . The resolution of this structure can also be assessed the self-association nature of this domain, low solubility at pH Ͻ7.5 has posed serious problems for NMR studies. from the 15 superimposed backbones shown in Figure  2A . (Bax et al., 1990 ; surface formed by helices 1, 3, and 4 is predominately Cavanagh et al., 1996) was recorded at pH 7 and at acidic, whereas the opposite side (helix 2, 5, and 6) is low concentration to avoid precipitation. The spectra largely basic. The acidic nature of the former region is acquired at pH 7 and 8 were identical, indicating that interrupted only by a stretch of three basic side chains raising pH from 7 to 8 has no effect on the protein on H6 (R83, K87, R90) ( Figure 3C ). The resulting electric structure.
dipole moment of RAIDD CARD shown in Figure 5 may play an important role in its homophilic interaction.
Structure Overview
A large hydrophobic patch is present on the surface The three-dimensional structure of RAIDD CARD is illus-( Figure 3A ), consisting mainly of Leu and Val residues trated in Figure 2 . The structured portion representing in the long loop between H1 and H2, and the tight turn the CARD includes residues 1-94, which is consistent between H3 and H4. However, several of these hywith the domain boundary suggested by sequence drophobic residues could not be assigned. The conforalignment of homologous CARDs (Hofmann and Bucher, mation of the loop between H1 and H2 is defined as it 1997). Also, according to the sequence alignment of the is stretched between the ends of these two helices. It death domains (Duan and Dixit, 1997) , the RAIDD DD is unlikely that the appearance of the hydrophobic patch (which has extensive homology with the Fas DD) begins on the protein surface is due to missing assignments of around residue 110, suggesting the presence of a linker loop residues. Since no mutagenesis data are available region of about 20 amino acids in RAIDD. The linkage for this region of the protein, the role of this patch in of these two structural domains remains an interesting protein function is not known. While its involvement in question. molecular recognition remains a possibility, it can potenThe molecule consists of six antiparallel amphipathic tially be a part of a larger hydrophobic core in the fullhelices, closely packed around a hydrophobic core, that length RAIDD responsible for holding the DD and CARD are arranged in a similar fashion as the Fas DD (Figures together. Further studies have shown that trypsin diges-2B and 2C). Helices 2-5 clearly form a twisted four-helix tion of the full-length RAIDD failed to cleave the protein bundle, whereas helix 1 and 6 are crossed at about a into two separate domains (data not shown), suggesting 40Њ angle on top of helix 4 and 5, respectively. This is that the linker region (about 20 amino acids) between somewhat different from the Fas DD, in which helix 5 the two domains is not an extended and flexible loop and 6 are almost perpendicular to the other four helices and that RAIDD is one compact unit. ( Figure 2C ). The overall molecule looks like a six-helix bundle, with helices 1, 3, and 4 stacked on the left side (molecule viewed as in Figure 2B ) and helices 2, 5, and
Modeling of ICH-1 CARD Based on Sequence 6 stacked on the right side. The core of the protein Similarity with RAIDD CARD consists entirely of hydrophobic residues, including
Having solved the structure of RAIDD CARD, we ask those that are highly conserved in the CARD family. The what is the molecular basis for the interaction between loops between the helices are well defined, given the the RAIDD and ICH-1 CARD, or to a greater extent, what relatively small number of NOE restraints obtained for might be the properties responsible for CARD/CARD those regions. This is probably because they are prespecificity in general. The first step in building a model dominately short turns that do not have large degrees of the RAIDD/ICH-1 complex involved generating a of freedom. The loop between H1 and H2 (Figures 2A model of the ICH-1 CARD. The sequence alignment in and 2B) is relatively long (residues 18-24) yet well ex- Figure 1 illustrates the extensive homology between the tended to satisfy the positioning of the two helices. All
CARDs of RAIDD and ICH-1, with about 40% sequence loops except the H5/H6 connection contain one or two identity and 70% similarity. Upon inspection, the RAIDD glycines. This is consistent with the fact that glycine is CARD structure reveals that 60% of the core residues generally known as a helix terminator and has more (highlighted in black in Figure 1 ) are conserved in both degrees of freedom to adopt the dihedral angles re-RAIDD and ICH-1 CARD. Furthermore, there are only quired for turns.
two small gaps in the H1-H2 and H5-H6 loops of ICH-1. The conformational similarities between the death doHence, the three-dimensional structures of the two domain and CARD suggest that the two families are likely mains should be very similar. This enabled the side to have evolved from a common ancestor. This is consischains of the ICH-1 CARD to be added onto the maintent with the sequence alignment of the known DD, DED, chain framework of the structurally known RAIDD CARD. and CARD families and secondary structure predictions
We performed the modeling using the segment match- (Hofmann and Bucher, 1997) . Since CARD and DED ing method developed by M. Levitt (1992) . This method share some similar sequence motifs, we speculate that uses a database of known protein structures to build an members of the DED family may also adopt a similar unknown target structure from the amino acid sequence. six-helix bundle structure. The six-helix bundle repreThe target structure is first broken into a set of short sents an unusual structural motif. A search using the segments. The database is then searched for matching Dali server (Holm and Sander, 1993) revealed that the segments on the basis of amino acid sequence similarity only two structurally related six-helix bundles to CARD and compatibility with the target structure (van der are the DD of Fas and the DD of p75 neurotrophin recepWaals' interactions). This procedure has been shown to tor (Liepinsh et al., 1997) , with a Z score of 2.2 and 2.0, respectively.
be highly accurate for eight test proteins ranging in size 0.93 Å and 1.73 Å (Levitt, 1992) . Recently, this method sequence alignment in Figure 1 and a structure database Medium 196 of highly refined X-ray structures in addition to our calcui, i ϩ 2 3 7 lated RAIDD CARD. Twenty target structures of ICH-1 i, i ϩ 3 9 9
CARD were calculated using segment matching model-
ing. This was accomplished using the program package
Look (Levitt, 1995 (Levitt, 1983 ) to enforce correct stereochemistry. As pre-
dicted, the conformation of ICH-1 CARD was similar to
that of RAIDD CARD (Figure 4) . However, the polarity of the surface charge distribution in ICH-1 CARD is more 
Model for CARD Interaction between
Impropers (Њ) 0.34 Ϯ 0.014
RAIDD and ICH-1
Average rms deviations of (Wishart and Sykes, 1994) L89A, since these residues are buried in the hydrophobic c The program PROCHECK-nmr (Laskowski et al., 1993) was used core of the modeled structure. Furthermore, these core to assess the quality of the structures.
residues are highly conserved in the CARD family. The d The precision of the atomic coordinates is defined as the average rms differences between the 15 final calculated structures and the large effect of these conserved residues on the protein mean coordinates.
structure and function confirms this expected structural similarity among the CARDs. Alteration of a highly conserved glycine (G65 in RAIDD and G78 in ICH-1) to arginine abrogated interaction for both RAIDD and ICH-1 from 46-323 residues, where the root-mean-square deviation using all atoms of the modeled structures from CARD. In both cases, the glycine is in the loop region between helix 4 and 5. Glycine is frequently in turns the experimentally determined structures was between The ICH-1 CARD structure was obtained using modeling by automated segment matching (Levitt, 1992) as described in the text. In (A) and (D), surface exposed hydrophobic residues including Leu, Val, Ile, Trp, and Phe are colored in light green. In (B), (C), (E), and (F) the surface electrostatic potential is color coded such that regions with electrostatic potentials ϽϪ8 k BT are red while those Ͼ ϩ8 kBT are blue, where k B and T are the Boltzmann constant and temperature, respectively. (A) Hydrophobic patch of RAIDD CARD containing residues T49, L51, and W81 in addition to V20, L21, V22, and L25 from the loop between H1 and H2. (B) The basic surface of RAIDD CARD formed by the exposed residues of H1, H3, and H4. (C) The acidic surface of RAIDD CARD formed by the exposed residues of H2, H5, and H6. since it can adopt positive backbone φ angles. In this such as alanine is unlikely to alter the overall protein conformation. Surface residues D83 and E87 reside in case, the backbone φ angle for glycine is 151Њ. Hence, substituting glycine with arginine is likely to change the the region of ICH-1 CARD that is almost completely negative ( Figure 3F ). We expect these two residues to helix-turn-helix conformation. Mutation of two charged surface residues (D83A and E87A) in H6 of ICH-1 CARD interact with the more positively charged region of the RAIDD CARD surface, namely, that consisting of helices also affected RAIDD binding. Interestingly, neither one of these point mutations alone eliminated binding. How-1, 3, and 4 ( Figure 3B ). By orienting the two domains in such a way that their electric dipole moments are aligned ever, both mutations together did. Hence, assuming the protein structure is not disrupted by the two mutations, head-to-tail (shown in Figure 5 ), we identified two positively charged residues in RAIDD CARD (K6 and R10) ICH-1 and RAIDD CARD recognition is mediated through electrostatic interactions between surface charged resithat are in the vicinity of D83 and E87 of ICH-1 CARD. In addition, the distance between K6 and R10 very closely dues, including D83 and E87 of ICH-1 CARD. Furthermore, multiple charged residues in both proteins are matches that between D83 and E87, suggesting that these four residues may be involved in electrostatic ininvolved in the cooperative binding. Since neither point mutation alone removed binding, it is unlikely that they teractions. The expected interaction surfaces of the two domains are shown in Figure 5 , which features the possidisrupted the structure of ICH-1 CARD. In general, modification of a surface residue to a less bulky residue ble interaction between the positively charged surface 
a These data were compiled from Duan and Dixit (1997) . b Interaction domain in which mutation was performed. c Effect of mutation on the interaction between ICH-1 CARD and RAIDD CARD. A plus sign indicates significant binding; a minus sign indicates that binding was no different from background (Duan and of RAIDD CARD and the negatively charged surface of ICH-1 CARD. Having proposed the above electrostatic Surface Charge May Also Mediate CARD Interaction between Apaf-1 and Caspase-9 interactions, we must also mention that both domains have a large hydrophobic patch whose involvement in
The CARD/CARD interaction has also been implicated in the formation of Apaf-1/caspase-9 complex during binding has not been ruled out by any mutation experiments. Moreover, whether the hydrophobic patch is exapoptosis induced by cytochrome c and dATP . It is interesting to examine the surface properties posed in the full-length RAIDD and ICH-1 remains to be investigated. of these two CARDs. Based on the significant homology The electric dipole moments of the two domains, represented by blue arrows, were calculated with GRASP using all atoms (Nicholls et al., 1991) . The two domains are oriented such that their dipole moments are aligned head-to-tail. Residues E83 and E87 of ICH-1 CARD have been indicated by mutational analysis to be involved in the interaction (see text). The electrostatic potential is color coded as in Figure 3 . The complementary electrostatic surface potential of these two domains is clearly utilized in binding. The structures of Apaf-1 and caspase-9 CARD were modeled using automated segment matching method (Levitt, 1992) as described in the text. The figures were generated with GRASP (Nicholls et al., 1991) and color coded as in Figure 3 .
(A) The acidic surface of Apaf-1 CARD formed by the exposed residues on H2, H5, and H6.
(B) The highly basic region of Apaf-1 CARD formed by residues R13, K42, K58, K62, and K63.
(C) The acidic surface of caspase-9 CARD formed by helices H1, H3, and H4.
(D) The basic surface of caspase-9 CARD formed by helices H1, H3, and H4.
with RAIDD CARD, we modeled the structures of the (1992). Polarities in surface charge distribution are also apparent in these domains, suggesting that this charac-CARD of Apaf-1 and Mch6/caspase-9 using the segment matching method described above. The resulting teristic may be common to the members of the CARD family and that binding of two complementary charged structures have surface properties that are amazingly similar to those of the CARDs of RAIDD and ICH-1. In surfaces may be the general mechanism for homophilic association of the CARD. particular, the polarities of surface charge distributions are highly conserved (Figure 6 ). Both Apaf-1 and caspase-9 CARD contain distinct charged surface regions.
Conclusion
We have determined the three-dimensional structure of The face consisting of H1, H3, and H4 is basic ( Figure  6B for Apaf-1; Figure 6D for caspase-9), while the oppo-RAIDD CARD using NMR spectroscopy. The structure is a six-helix bundle with three helices vertically stacked site face is acidic ( Figure 6A for Apaf-1; Figure 6C for caspase-9). This is similar to the CARDs of RAIDD and on one side and the other three helices stacked to form the other side of the molecule. To study the CARD/ caspase-2 ( Figures 3B, 3C, 3E, and 3F ). In detail, the surface of Apaf-1 CARD ( Figure 6B ) contains a positively CARD binding of RAIDD and ICH-1, the structure of ICH-1 CARD was obtained by segment matching modelcharged patch populated by five basic residues. Such concentration of charged residues is unusual and suging (Levitt, 1992) . Both structures revealed distinct charged surface patches, whereby one side of the molegests an interaction with the complementary surface of the caspase-9 CARD shown in Figure 6C . However, this cule is positive while the other side is negatively charged. While characterization of the specific details of the momodel remains to be verified with mutagenesis data on the Apaf-1/caspase-9 interaction and/or structural lecular interactions between RAIDD CARD and ICH-1 CARD requires determination of the structure of the studies on a complex. In contrast to RAIDD and ICH-1, the CARDs of Apaf-1 and caspase-9 lack hydrophobic complex, the surface properties and mutational data indicate that the positively charged surface of RAIDD patches as that observed in RAIDD ( Figure 3A) , indicating that electrostatic interactions dominate binding. The CARD (formed by helices 1, 3, and 4) interacts with the negatively charged surface of ICH-1 CARD (formed by electrostatic driving force causing the RAIDD/ICH-1 interaction appears likewise crucial for Apaf-1/caspase-9 helices 2, 5, and 6). Using the same modeling technique, we hypothesized that the binding of complementary CARD recognition.
Subsequent to the observation that the surface polaricharged surfaces is also crucial for the CARD/CARD interaction between Apaf-1 and caspase-9. Furtherties of the CARDs of RAIDD and caspase-2 are conserved in those of Apaf-1 and caspase-9, we performed more, a polarity in the surface charge distribution was also observed in the model structure of the Ced-3 and the same modeling for the CARDs of the Caenorhabditis elegans adaptor protein/caspase pair Ced-3 and Ced-4
Ced-4 CARDs (data not shown). Hence, based on the high degree of homology within the CARD family, we using again the segment matching method of Levitt 100 ms. NOE connectivities between aromatics and from aromatics propose that other CARDs also associate in a homoloto nonaromatic side chains were assigned with the combination of gous way using electrostatic forces and that binding homonuclear 2D NOESY and 13 C-dispersed NOESY spectra. NOE specificity between CARDs is determined by the charge distance restraints used for the structure calculations are summadistribution on the domain surfaces.
rized in Table 1 . Hydrogen-bond distance restraints were imposed
Comparing the RAIDD CARD to the Fas death domain only for the helical region, identified on the basis of 13 C(␣) chemicalshift values (Wishart and Sykes, 1994) and N(i)-HA(i-3,i-4) NOE revealed that the overall fold of these two domains is crosspeaks. The backbone torsion angles φ and were obtained similar despite their being from different families. Furusing the method of measurement of proton splitting in 15 N-HSQC thermore, it has been suggested that electrostatic interspectrum by J-doubling (del Rio-Portilla et al., 1994) . The torsion actions are also responsible for mediating molecular angles 1 of side chains in helical regions were restrained within recognition among the death domains (Huang et al., the ranges found in refined crystal structure using the data collected 1996). It remains to be investigated whether the sixby Dunbrack and Karplus (1993) . Structure calculations were performed following simulated anhelix bundle motif and electrostatic interactions are the nealing protocols of Nilges et al. (1988), using X-PLOR 3.851 dominant features of other homophilic-interaction do- , 1998) . The FADD DED is structurally homolo-2A). Structures were displayed and analyzed using the InsightII program (Biosym, San Diego), GRASP (Nicholls et al., 1991) , MOLMOL gous to the Fas DD and the RAIDD CARD. However, (Koradi et al., 1996) , and PROCHECK_nmr (Laskowski et al., 1993) .
hydrophobic interactions have been implicated in the
The structural statistics are presented in Table 1 . The coordinates binding of FADD DED to FLICE.
have been deposited at the Brookhaven Protein Data Bank.
Modeling of the structures of the CARDs of caspase-2, Apaf-1, Experimental Procedures caspase-9, Ced-3, and Ced-4 was performed with the program Look (Levitt, 1992 (Levitt, , 1995 , which is part of the GeneMine program package Expression and Purification of RAIDD CARD (Molecular Applications Group). The cDNA coding for RAIDD has been cloned as described previously (Duan and Dixit, 1997) . The N-terminal portion of RAIDD (residues 1-136) encompassing the CARD was expressed in EscheAcknowledgments richia coli with a six residue histidine tag at the C terminus from the vector pET23b (NOVAGEN). The transformed cells were grown in We thank Dr. Federico del Rio for help with the use of the J-doubling either LB rich media (for unlabeled protein) or M9 minimal media (for method for measuring coupling constants and Greg Heffron for help labeled protein). For isotope labeling, the M9 media were substituted with the use of spectrometers. This research was supported by a with 15 N labeled ammonia (1 g l Ϫ1 ) or 13 N-labeled. After cell lysis the 6HIS-tagged recombinant protein was first sepaReceived April 7, 1998; revised June 11, 1998. rated from other E. coli proteins by Ni 2ϩ affinity chromatography at pH 8 and then purified to homogeneity using gel filtration (Sephadex G-50). The identity of the protein was confirmed by N-terminal seReferences quencing and SDS-PAGE. All NMR samples contained 1 mM protein in 20 mM Tris (pH 8.0) and 5 mM NaCl in H2O/D2O (9/1) or D2O.
Baker, S.J., and Reddy, E.P. (1996) Yamazaki et al., 1994; Matsuo et al., 1996) . In addition, amino 803-815. acid-selective 15 N labeling of Lys, Phe, Val, Leu, and Ala was used Brü nger, A.T. (1994) . X-PLOR 3.851: a system for X-ray crystallograto confirm the sequential assignment of amide protons. Side chain phy and NMR. X-PLOR Version 3.851 (New Haven, Connecticut: proton resonances were mostly assigned using 3D Cbd-HCCHYale University Press). TOCSY (Clore and Gronenborn, 1994; Matsuo et al., 1997) and 3D Carson, M. (1991) . Ribbons 2.0. J. Appl. Crystallogr. 24, [958] [959] [960] [961] N dispersed TOCSY-HSQC spectra, recorded using uniformly 15 N, 13 C-labeled protein in D2O and uniformly 15 N-labeled protein in H2O, Cavanagh, J., Fairbrother, W.J., Palmer, III, A.G., and Skelton, N.J. respectively. The assignment of aromatic side chains was accom- (1996) . Protein NMR Spectroscopy (San Diego, California: Academic plished using homonuclear TOCSY and NOESY experiments, acPress). quired with the nonlabeled protein in D2O. Stereospecific assignChinnaiyan, A.M., and Dixit, V.M. (1996) . True cell-death machine. ment of methyl groups of Val and Leu residues was obtained from Curr. Biol. 6, 555-562. 13 C-HSQC spectrum of a 10% 13 C-labeled protein (Szyperski et 
